BACKGROUND: Aneuploidies involve ,80% of chromosomal anomalies found in spontaneous miscarriages. Since cytogenetic studies show high rates of failure, we have incorporated the quantitative fluorescent polymerase chain reaction (QF-PCR) technique to the study of numerical chromosome anomalies in miscarriages. METHODS: Multiplex and simple QF-PCR assays have been performed on 160 miscarriage and 34 parental DNA samples analysing specific short tandem repeat (STR) markers for chromosomes 2, 7, 13, 15, 16, 18, 21, 22 and X. Cases successfully karyotyped were used as controls in our study. RESULTS: While maternal contamination could be detected in such cases, a molecular result was obtained for 94% of miscarriages without a cytogenetic one. Thirtysix per cent of them were diagnosed with numerical chromosome anomalies. Parental origin of the extra chromosome and the error stage of meiosis could be also determined. CONCLUSIONS: QF-PCR represents a useful and reliable tool to diagnose aneuploidies in spontaneous miscarriages. It provides information about parental and meiotic origin of anomaly, allowing an appropriate genetic counselling.
Introduction
Embryo loss represents , 10-15% of conceptions with clinical evidence of pregnancy (Miller et al., 1980; Warburton et al., 1980) and , 65% of all gestations (Santalo et al., 1987) . Presumptive causes of pregnancy loss include genetic, chromosomal, anatomic, endocrine and immunological factors, infections, thrombophilic disorders and other unidentified causes (Carp et al., 2001) .
More than 50% of spontaneous miscarriages carry chromosomal disorders, up to 96% of them being numerical chromosome abnormalities (Carrera et al., 1996) . Identification of the possible cause of fetal loss significantly reduces longterm psychological distress in women with a miscarriage (Nikcevic et al., 1999) and enables improved genetic counselling for those couples in future pregnancies (Carp et al., 2001) .
Although cytogenetic study of miscarriages is highly recommended even in the case of the first spontaneous abortion (Sanchez et al., 1999; Silvestre et al., 2002) , conventional cytogenetic studies (karyotyping or FISH) entail certain problems such as culture failure, infection of the sample or maternal contamination. Moreover, those techniques are usually expensive and need a moderate period of time in order to obtain results.
We have incorporated the molecular QF-PCR technique to the study of spontaneous miscarriages since it has been described as a rapid, sensitive, accurate, reproducible and reliable diagnostic method to detect aneuploidies (Ban et al., 2002) .
The aim of the present study is to propose the QF-PCR technique as a molecular tool complementary to cytogenetic studies of spontaneous miscarriages. It could be especially useful for those cases in which karyotyping fails, or for discounting a wrong diagnosis when overgrowth of maternal cells occurs, by analysing maternal DNA. To our knowledge, this is the first report of the application of QF-PCR to the study of spontaneous miscarriages.
Material and methods

Biological samples
One hundred and sixty miscarriage and 34 parental DNA samples corresponding to 17 couples have been studied. Miscarriage samples have been provided to the Department of Genetics of FJD since 1996 by the obstetrics service of the hospital and some private clinics to perform cytogenetic studies. Specimens of which tissue material was available were employed in this study for DNA extraction. Miscarriage samples consisted in fetal remains obtained after surgical evacuation from clinical abortions between the 4th and 24th weeks of gestation (mean 15 weeks of gestation). One hundred and forty-eight out of 160 miscarriages were cultured following the protocol described by Moragón and Ramos-Corrales (1978) and GTG-banded for karyotyping; three were not cultured because ultrasonographic examinations showed skeletal dysplasia phenotype and nine were non-viable for karyotyping because of deterioration of the sample (6/9) (advanced autolysis in macerated abortions) or because they were preserved in formalin (3/9). Remains were stored frozen both at 2 20 8C and in liquid nitrogen until DNA extraction was performed. Most genomic DNA samples from abortions were obtained from fresh, frozen and formalin-fixed tissues following standard or commercial protocols. Tissue Kit reagents (QIAGEN, Germany) and the BioRobot EZ1 (QIAGEN) were used after dissection of 100-150 mg of sample and 48 -72 h of digestion at 56 8C with proteinase K. A small proportion of miscarriage DNA samples was isolated following a standard phenol -chloroform extraction procedure. Parental DNA samples were extracted from peripheral blood with the DNA blood 350 ml extraction Kit (QIAGEN) and the BioRobot EZ1.
The present study has been accomplished according to the 1964 'Declaration of Helsinki ' (World Medical Organization, 1996) .
QF-PCR
QF-PCR is based on the assumption that within the exponential phase of PCR amplification, the amount of specific DNA produced is proportional to the quantity of the initial target. In order to achieve this the optimal number of PCR cycles must be limited to avoid reaching an amplification plateau. By amplifying highly polymorphic regions specific for a chromosome, such as short tandem repeats (STR), we should find a high rate of heterozygosity among different allelic forms and individuals. Tetra-or pentanucleotide repeats have been preferentially employed in view of their stability and suitability for amplification and analysis. By labelling primers with a fluorescent dye, we are able to detect dosage ratios of the PCR products from the analysis of the fluorescent peak areas shown by a Genetic Analyzer. Thus, in normal heterozygotes the ratio of fluorescent activity for the two peaks corresponding to the PCR products should be within the range 0.8-1.4 (disomic diallelic). Few normal subjects should be homozygotes showing one peak of activity (disomic monoallelic). Besides, in a trisomic patient the three doses of an STR marker can be detected either as three peaks of fluorescent activities with a 1:1:1 ratio (trisomic triallelic) or as a pattern of two peaks with a ratio or dosage , 0.65 or . 1.8 (trisomic diallelic) (Hulten et al., 2003) (Figure 1 ). Triploidy of specimens is assumed when all of the markers studied, which map to different chromosomes, show a trisomic pattern of amplification. Uniparental disomy (UPD) for a targeted region or chromosome is assumed when the pattern of amplification of various STR markers corresponds to the inherited alleles from one progenitor with the absence of the other progenitor alleles.
A rapid screening of sex and numerical anomalies for chromosomes 13, 15, 16, 18, 21, 22 and X was carried out with the 160 miscarriage DNA samples performing four multiplex PCR assays (Table II) were separately PCR-amplified in a total volume of 15 ml containing genomic DNA, 125 mmol/l dNTP, 10 pmol of each primer, 1 £ Taq polymerase buffer (15 mmol/l MgCl 2 ), and 0.6 U of AmpliTaq Gold polymerase. PCR cycles were the same as those for C and D PCR assays. Annealing temperature for D21S1412 was 58 8C.
Various simple PCR assays were also carried out in some samples to confirm both a cytogenetic or CGH result or when a target chromosome existed. This was the case for specimens tested for chromosomes 2, 7 and 17.
Whenever possible, the same STR markers were studied in parental DNA in order to determine both parental and meiotic origin of aneuploidy and the fetal origin of the DNA sample.
Cases successfully karyotyped were used as blind controls in our study.
Results
Ninety-four out of 148 miscarriage samples (63.5%) were successfully karyotyped: 27 of them as normal males, 32 as normal females and 35 (37%) as having numerical chromosomal aberrations. Fifty-four miscarriages (36.5%) failed culture due to misgrowth or to infection of the sample. One hundred and fifty-one out of 160 (94%) miscarriage DNA samples were successfully PCR amplified for all of the chromosome markers tested in this study.
Discrepancies between molecular and cytogenetic results occurred in eight out of 89 cases. Five of those karyotyped as normal females resulted in chromosomally male abortuses by QF-PCR, two of them trisomic for chromosome 13. Three cases karyotyped as affected of aneuploidy were diagnosed as normal females by QF-PCR.
A molecular result for 62 of the 66 (94%) abortions without cytogenetic result was obtained by QF-PCR. Thirty-six per cent (24/66) of cases were diagnosed as having numerical chromosome anomalies (Table III) and two cases of maternal contamination were detected.
Parental and meiotic origin of the extra/absent chromosomal material was identified in 14 miscarriages. A complete trisomy 2 was found in a miscarriage whose father was a balanced carrier of a 2;17 translocation. Paternal origin of the extra chromosome material could be established. In a 45,X0 case it was determined that the sexual chromosome fault was of paternal origin. Two double trisomies involving chromosomes 15, 22 ( Figure 1 ) and 8, 21 respectively were determined to be maternal in origin due to non-disjunction at meiosis I (MI) while a third double trisomy involving 18 and X chromosomes also had a maternal origin because of an error in meiosis II (MII) (Figure 2) . Moreover, one case of trisomy 7 (Figure 3 ), two cases of trisomy 21 and 22 and four cases of trisomy 13 were determined to be maternal in origin due to non-disjunction in MI. Although the QF-PCR technique is capable of detecting mosaicism, no such cases have been detected in our study.
Discussion
Identification of the cause of fetal loss reduces the feelings of self-blame, anxiety, depression and grief in women with a miscarriage (Nikcevic et al., 1999) . Moreover, knowing the exact origin of fetal loss allows us to give an improved genetic counselling in further pregnancies and to predict the frequency of recurrence in each patient. Although some studies suggest that there are non-cytogenetic factors associated with recurrent miscarriages (RM), particularly in women aged , 36 years (Stephenson et al., 2002) , other researchers maintain that couples with RM (two or more previous abortions) produce chromosomally abnormal embryos in a significantly higher percentage than those not having this reproductive problem (Rubio et al., 2003) . In the same study it was reported that in 22% of couples undergoing an IVF programme the incidence of chromosomal aberrations affected all of the embryos they produced. It is well known that . 50% of spontaneous miscarriages carry chromosomal disorders. Among chromosomal causes of fetal loss, aneuploidies are responsible for . 86% of them. Even though QF-PCR is currently being used for the rapid screening of aneuploidies for prenatal diagnosis in amniotic fluid and chorionic villus samples (Pertl et al., 1999; Carrera, 2001; Bili et al., 2002; Andonova et al., 2004) , this is the first report of application of this technique to the study of spontaneous miscarriages.
Evaluation of pregnancy losses is usually done several days after fetal demise. The main risk when studying aborted specimens by classic cytogenetics is the deterioration of the sample. Success of culture is often reduced by the high rates of microbial or maternal contamination, obtaining no or incorrect results. This is the case for 36.5% of our abortions. QF-PCR has permitted us to obtain a molecular result for 94% of Figure 3 . Electrophoretograms of two STRs located on chromosome 7 in a miscarriage and its parents. The x-axis shows length of PCR products in base pairs as determined by use of internal lane standard and the y-axis shows the fluorescence intensity in arbitrary units. Abortion (A), maternal (B) and paternal (C) DNA samples. Trisomy 7 in miscarriage is showed as trisomic diallelic pattern (2:1) for IV517bCA (7q32.1) and trisomic triallelic pattern (1:1:1) for D7S460 (7p14.2). Assuming no crossing-over have occurred between DNA markers and centromere, maternal origin due to an error in the first meiotic division is assumed for the extra chromosome material.
samples studied and to detect 24 cases of aneuploidy in miscarriages that had no cytogenetic diagnosis. While conventional cytogenetics needs living cells to culture, DNA analysis can provide results with a high efficiency, independently of the antiquity of the sample. High amounts of DNA are obtained from fresh and frozen tissue and can also be isolated from small pieces or sections of formalin-fixed or paraffin-embedded tissues (Bell et al., 2001; Shi et al., 2002) and be stored for several years. In the present study, 54 miscarriage tissue samples (36.5%) failed to culture due to misgrowth or to infection, and only nine out of 160 (5.6%) DNA samples were not suitable for PCR amplification. This could be due to the small amount of DNA (samples extracted from formalin-fixed tissues) or to an error in the extraction procedure.
It is well known that the incidence of fetuses with chromosomal anomalies is reduced as pregnancy progresses. The mechanism of natural selection may operate through developmental arrest and degeneration of abnormal embryos. Autosomal monosomies are rarely found in spontaneous abortions because of its high lethality. Although trisomies for all the chromosomes have been reported in spontaneous miscarriages (Hassold et al., 1980; Hanna et al., 1997) , suggesting that they are capable of achieving implantation and initiating a pregnancy (Dunn et al., 2001) , the most frequently cited in literature are those involving chromosomes 15, 16, 14 and 22 (Carrera et al., 1996; Stephenson et al., 2002) and are supposed to be the major cause of early abortions affected by chromosomal anomalies. Despite single trisomies comprising the vast majority of aneuploidies (, 86% single trisomies versus , 14% monosomies), double and triple trisomies appear with a frequency of 0.21 -2.8% and 0.05% respectively of karyotyped spontaneous abortions (Reddy, 1997 (Reddy, , 1999 . In spite of this lower frequency, several chromosomes have undergone molecular study in all of our samples in order to detect these kinds of anomalies. Multiplex analysis by QF-PCR permits us to test various chromosomes while a large number of samples can be handled simultaneously. PCR assays for chromosomes 13, 18, 21, X and Y have been carried out in the first screening because of their high incidence of aneuploidy among late abortions (Hassold et al., 1980) . Work in progress consists in designing multiplex PCR to study aneuploidies of other chromosomes.
Parental and meiotic origin of aneuploidy can be inferred by QF-PCR (Figure 3) , analysing pericentromeric STR markers whenever parents are informative for them. Heteromorphic regions at or near centromeres are not crossed over, and are the optimal markers for tracing the origin of aneuploidy, avoiding misdiagnosis due to recombination events (Robinson et al., 1993) . Based on the literature (Bond and Chandley, 1983) , non-disjunction at the first meiotic division in oogenesis seems to be the most common origin of the extra chromosome in trisomies. This is consistent with our results, in which, as expected, nine out of nine cases of simple trisomies and two out of three double trisomies were maternal in origin due to non-disjunction in MI. The paternal origin of a complete trisomy 2 due to 3:1 segregation was established in a miscarriage whose father was a balanced carrier of a 2;17 translocation (Lorda-Sanchez et al., 2005) .
A general problem when studying early pregnancy losses is overgrowth of maternal cells in culture (Hassold et al., 1980) . This usually leads to a wrong 46,XX normal karyotype. While neither karyotyping nor FISH can detect it (except some cases of male fetuses or when a numerical anomaly appears, as stated by Jobanputra et al., 2002) , QF-PCR analysis of microsatellites can discard it and determine the maternal or fetal origin of the sample. In fact, those cases in which discrepancies occurred among cytogenetic and molecular results were due to maternal origin or contamination of the sample. Different origin of tissue material collected for culture and to store for molecular studies seems to be the cause of misdiagnosis in three cases amplified by QF-PCR obtained as normal females. Concordance with the rest of the results shows the reliability of the QF-PCR technique.
Despite aneuploidies involving the majority of chromosomal causes of abortions, total chromosome uniparental disomy (UPD) comprises , 3% of genetically unexplained pregnancy wastage (Fritz et al., 2001) . Some studies have reported maternal heterodisomy (inheritance of both maternal homologues) as the most common cause of UPD, meiotic non-disjunction being followed by trisomy rescue (Kotzot, 2004) or monosomy complementation (somatic reduplication) considered to be the major mechanisms of formation. Molecular analysis of STR markers by QF-PCR in parental and abortion DNA samples would permit the diagnosis of iso-and heterodisomy of both maternal and paternal origin. Although . 83% of chromosomal anomalies can be diagnosed by QF-PCR, this technique poses some limitations for the detection of chromosomal rearrangements and small deletions or duplications. Triploidy and tetraploidy comprise , 13 and , 4% respectively of chromosomal anomalies found in spontaneous miscarriages (Alberman and Creasy, 1977) . While triploidy can be diagnosed by QF-PCR, tetraploidy due to abnormal cleavage after a normal zygote has formed would not be easily detected. Based on our experiments and on published data (Lorda- Sanchez et al., 2003) , autosomal and gonosomal mosaicism can be detected up to the presence of 1%, but in practice it is difficult to determine, and parental DNA is required to detect it.
Apart from its limitations (Hulten et al., 2003) , QF-PCR also presents exclusive advantages over other techniques currently employed for the study of abortions, different from karyotyping such as FISH and comparative genomic hybridization (CGH) ( Table IV) . Jobanputra et al. (2002) have proposed multiplex interphase FISH on uncultured cells as a reliable screening for common aneuploidies in spontaneous miscarriages. They stated that maternal contamination can be detected in those cases of male abortions or when a numerical chromosome anomaly is revealed. Nevertheless, if the result by FISH were a normal female the fetal or maternal origin of the sample could not be determined. QF-PCR analysis of microsatellites can detect maternal contamination and determine the fetal or maternal origin of the sample by comparing the alleles from the fetal sample with those from maternal DNA. Another limitation of FISH consists of crosshybridization of probes to different chromosomes, leading to wrong diagnoses. Since STR markers are specific for a selected region of a specific chromosome, QF-PCR avoids this problem. CGH provides a useful method to detect aneuploidies and can also detect partial gains or losses (. 3 Mb), analysing the entire genome of the sample in a single experiment, but it does not detect changes in ploidy. CGH technique is also more laborious, time-consuming and expensive than QF-PCR.
Based on our experience, QF-PCR can be considered as a complementary and reliable tool to cytogenetic studies of spontaneous miscarriages: (i) It provides results in cases in which cytogenetic diagnosis fails. (ii) It allows the diagnosis of . 83% of chromosomal anomalies commonly found in pregnancy losses. (iii) Despite the deterioration of the sample, the percentage of success using QF-PCR is higher than karyotyping. (iv) It permits determination of the fetal origin of the sample and allows us to discount maternal contamination. (v) Parental and meiotic origin of aneuploidy can both be determined. (vi) It is a rapid technique, which can take , 48 h from the reception of the sample to the time a diagnosis is established. (vii) A large number of samples can be processed simultaneously. (viii) It is a relatively low cost technique.
